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ABSTRACT  
EXAMINATION OF SEXUALLY DIMORPHIC CELL DEATH IN THE PUBERTAL MOUSE 
BRAIN 
SEPTEMBER 2011 
AMANDA HOLLEY, B.A., UNIVERSITY OF MASSACHUSETTS AMHERST  
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Nancy Forger  
 A period of cell death during a critical period early in life is responsible for 
causing permanent structural changes to many brain areas, but it is not known 
whether cell death plays a role in brain organization outside of early postnatal life. 
Puberty is considered a second sensitive period because the brain is the target 
organ of gonadal hormones.  This study looked at global and regional patterns of cell 
death during pre-puberty and puberty in the mouse brain. My findings show there is 
more cell death happening during pre-puberty than during puberty.  Cell death does 
happen during puberty but at adult levels. Furthermore females at P20 have more 
dying cells than males globally and in the hippocampus, but no other sex differences 
were observed.  Knocking out the Bax gene, which is important for neuronal death, 
had only a modest effect on cell death during pre-puberty and puberty compared to 
what has been shown in younger ages.  My findings demonstrate that pre-pubertal 
animals have more cell death than pubertal animals.  Also, since Bax gene deletion 
only had a modest effect on cell death, cell populations other than neurons may be 
dying during these periods. 
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CHAPTER 1 
 
 INTRODUCTION 
 
 
Sexual Differentiation 
  
One of the timeless inquiries within science is that which sets out to explore 
the differences between the sexes. In many cases, prenatal or early postnatal 
exposure to testosterone causes permanent, sexually dimorphic, changes to the 
brain.  In 1959 Phoenix et al, exposed female guinea pigs prenatally to testosterone 
propionate, which completely masculinized their sex behavior.  Phoenix et al. went 
on to define the organizational and activational hypothesis, which has since been 
the foundation on which our understanding of sexual differentiation has been built.  
Early in development gonadal hormones have an organizational effect by helping to 
establish sex specific brain morphology and behavior (Phoenix et al. 1959).  
However, these hormones are said to have an activational effect when present in 
adulthood, which is exemplified by hormones directly affecting sex behavior and 
cognition (McCarthy et al. 2009).   
In 1978, Gorski et al. extended the study of sex differences into the brain, 
when they discovered a morphological sex difference in the volume of a subregion 
of the medial preoptic area (mPOA).  Since then, sexual dimorphisms in the brain 
have provided a means for researchers to study the role of gonadal hormones in 
development, and the cellular and molecular mechanisms through which gonadal 
hormones act to create morphological and behavioral sex differences. 
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Although the role of testosterone in the development of sexual dimorphisms 
is well known, the mechanisms through which testosterone acts to create these sex 
differences in neuron number remains unclear.  Testosterone could cause these 
changes by regulating major developmental events, such as neurogenesis, cell 
migration, cell death, or the differentiation of neuronal phenotype.  Of these events, 
cell death is the best understood mechanism underlying the development of sexual 
dimorphisms in the brain.  Most of the research that has been done to investigate 
these developmental events has utilized animal models, particularly rodents.  
 
Cell Death 
 The story of the neuron begins with its birth and induction into the nervous 
system.  This is followed by a series of developmental landmarks including 
migration, axonal development and growth, formation of synapses, physiological 
function, and eventually, ends with death.  Cell death is a widespread phenomenon 
that serves many developmental functions in almost all species examined, and in 
nearly every cell type, both neuronal and non-neuronal.  For example, metamorphic 
cell death can occur to remove structures that only have a transient function in an 
organism’s development, but are not needed once a more mature stage is achieved 
(Wahnschaffe et al 1987).  Phylogenic cell death is the culprit behind the loss of 
vestigial organs throughout generations of a species (Raynaud 1977), and 
morphogenic cell death is responsible for maintaining a species-specific pattern of 
development.  However, the role of cell death in regard to the development of the 
nervous system is particularly interesting. 
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 In the early stages of nervous system development, neurons are over 
produced and then, at quite a late stage of maturation, they are extensively pruned.  
In fact, during this period of pruning, 20-80% of neurons in a given population will 
experience programmed cell death (PCD) (Oppenheim 1991).  The idea that such a 
large percentage of developing neurons could go from a healthy state to 
degeneration in a short amount of time, and that somehow this widespread death 
could promote proper development, made the phenomenon of PCD difficult for 
scientists to accept.  In fact although discovered by Beard in 1890 (Jacobson 1991), 
it was not until almost 100 years later that PCD found its way into the scientific 
limelight, now having over 10,000 papers published on the topic since 1980. 
 Programmed cell death plays a crucial role in many fields of study. However, 
in the field of sexual differentiation it has been critical to our understanding of how 
sex differences arise in the central nervous system.  In fact cell death has become 
one of the best understood mechanisms underlying the development of sexual 
dimorphisms in the brain.  Some of the most profound sex differences that occur are 
differences in total cell number or total volume of a specific brain region.  For 
example, males have a higher total number of cells than females in the principal 
nucleus of the bed nucleus of the stria terminalis (BNSTp) (Guillamon et al. 1988).  It 
has been shown, in rats, that differential cell death in males and females around the 
first week of life is the underlying cause of these differences (Chung et. al 2000, 
Gotsiridze et. al 2007).   
 Outside of early postnatal life, not much is known about cell death.  It has 
been demonstrated that neurogenesis is occurring in the dentate gyrus (DG) and the 
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olfactory bulb (OB) in most adult mammalian species (Abrous et al. 2005, 
Kempermann et al. 1997, Schinder & Gauge 2004), which is speculated to occur in 
order to maintain plasticity within these areas.  Follow-up studies done examining 
cell death in these areas have shown that most of the newly born cells die: 
approximately 70% of cells in the DG, and 50% of the cells in the OB die within 30 
days of birth (Biebl et al. 2000, Kempermann et al. 1997).  Another well-studied 
example of this neurogenesis/PCD cycle occurs seasonally in the high vocal center of 
songbirds (Nottebohm 2004).  It is assumed that this neuronal generation and 
turnover is occurring based on the seasonal changes in the demands placed on 
specific neural circuits.  These studies suggest that PCD occurring in adulthood 
could be in response to cell birth happening during the same period. 
 
BCL-2 Family Proteins 
 In order to understand the molecular underpinnings of programmed cell 
death, some knowledge of the BCL-2 family of proteins is required.  This family of 
proteins has been remarkably evolutionarily conserved. In fact, the BCL-2 family is 
homologous to the CED family of proteins found in C.elegans.  Early genetic studies 
on the CED pathway in C.elegans  served as a guideline for parallel studies in 
vertebrates, which led to our identification of BCL-2 protein family members and 
helped us understand the role they play in PCD (Horvitz et al.1994, Conradt et al. 
1998, Bouillet et al. 2002). 
 The BCL-2 family of proteins is comprised of three different groups of 
proteins, antiapoptotic proteins (e.g. BCL-2, BCL-XL, BCL-W, and MCL-1), full-length 
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proapoptotic members (e.g. BAX, BAK, and BOK), and “BH3 only proteins,” (e.g. BAD, 
BID, and BIM), all of which are pro-death.  All members of the BCL-2 family share a 
very conserved domain structure, known as BCL-2 homology (BH) domains (Adams 
et al. 2001).  This conserved domain structure is what mediates interactions 
between family members.  Antiapoptotic members of the BCL-2 family are 
characterized by possessing all 4 domains as well as a transmembrane domain, 
while proapoptotic proteins within the family typically lack a BH4 domain, and, BH-
3 only proteins, only have a BH3 domain.  Antiapoptotic proteins require domains 
BH1 and BH2 in order to repress apoptosis.  These two domains also allow for 
heterodimerization with their proapoptotic counterparts (Borner et al. 1994).  Full-
length proapoptotic proteins need a BH3 domain in order to promote cell death, and 
their BH1 and BH2 domains allow for proper interaction with antiapoptotic family 
members (Boyd et al. 1995). 
 When it comes to neuronal populations, the proapoptotic member of the 
BCL-2 family, BAX, plays a very important role.  Most of the knowledge we have 
gained about the function of the BAX protein in cell death in neurons has been 
acquired through the use of knockout mice.  Mice deficient in the BAX protein show 
a dramatic decrease in neuronal cell death, but only have a modest decrease of cell 
death in other cell populations (Deckwerth, 1996, Knudson et al. 1995).  BAX is the 
only proapoptotic protein that neurons have, unlike most other cells, which have 
multiple BCL-2 family proapoptotic proteins to rely on for functional redundancy 
(Lindsten et al. 2000).  The activation of proapoptotic BCL-2 family proteins 
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unleashes a chain of events that ultimately leads to the death of the cell through the 
activation of caspase-3, as described in detail below. 
  
Caspase-3 as a Marker for Cell Death 
 Caspase-3 is a member of the cysteine-aspartic acid protease family known 
as the caspases.  Caspases are proteinases that play a pivotal role in the pathways 
causing PCD.  In their inactive form, they exist as proenzymes.  Once they undergo 
proteolysis at their aspartic residues, they form two subunits, which dimerize to 
form the active enzyme. Once caspases are activated, their job is to cleave many 
proteins within the cell, some of them important for normal cell functioning.  Once 
these proteins are cleaved by caspases, their function is impaired, which is what 
ultimately causes the cell to die.  There are two pathways through which caspases 
can be activated: intrinsic and extrinsic. 
 The intrinsic pathway, also referred to as the mitochondrial pathway, begins 
when environmental cues cause the cell to receive the signal to die.  This signal is 
the activation of “BH3 domain only” protein members of the BCL-2 family, their 
activation causes the oligomerization of their proapoptotic cousin, BAX.  This 
oligomer inserts into the mitochondrial membrane, which triggers the release of 
cytochrome-c and other mitochondrial proteins.  Cytochrome-c binds to Apaf-1, a 
cytosolic protein, which causes its oligomerization and formation into an 
“apoptosome.”  The formation of the apoptosome recruits and activates caspase-9 
then leads to the recruitment and activation of the executioner caspase-3 which 
leads to the death of the cell. 
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 The second pathway, the extrinsic pathway, involves a more direct activation 
of caspases.  Death receptors located on the outside of the cell, such as Fas receptor, 
bind a ligand, such as Fas ligand, which recruits the activation of procaspases.  
Procaspase-8 is the first to be recruited, leading to the active form of caspase-8.  
Next, procaspase-10 is activated to become caspase-10, which leads to the activation 
of procasapase-3 and finally, following the activation of caspase-3, apoptosis ensues. 
 Since caspase-3 serves as an executioner caspase and is activated in both 
intrinsic and extrinsic pathways, it is an appropriate marker to use in order to 
quantify cell death in the brain.  Whichever pathway is utilized, the cells require 
activated caspase-3 in order to die. 
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Figure 1.1 – Showing both the intrinsic and extrinsic pathways leading caspase-3 
activation  taken from (Hengartner, 2000). 
 
Cell Turnover 
Up until very recently, neuroscientists’ ideas about the role of neurogenesis 
outside of development was governed by a long standing dogma that neurogenesis 
does not occur in the adult mammalian brain.  This idea was born in 1886 from 
Koelliker, who found the idea that neurons could be added to the brain in adulthood 
to be impossible, based on the observation that the architecture of the brain 
remained stable from early life (cited in, Gross 2000).   This idea was further 
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enforced in 1928 by Ramón y Cajal, who mapped out the development of the neuron 
from its beginnings until the multipolar form they remain in once adulthood is 
reached.  What Ramon y Cajal was observing is the quiescent state that mature 
neurons maintain throughout their existence.   Since neither mitotic figures nor 
neurons that morphologically matched developmental stages were observable in 
adulthood, Ramón y Cajal also arrived at the conclusion that neurogenesis must not 
occur during adulthood (Ramón y Cajal, 1928). 
The idea that neurogenesis occurs outside of early development is novel to 
last century.  The first line of evidence in favor of adult neurogenesis was provided 
in 1912 by Allen et al, who showed dividing cells in the lateral ventricles of rats.  
About 50 years later, Allen’s finding was followed up by Altman et al. (1969) who 
were the first to show autoradiographic evidence that neurogenesis was occurring 
in the hippocampus and the subventricular zone postnatally.  Although Altman gave 
the neuroscience community a strong reason to believe that neurons were being 
born in adulthood, the long-standing dogma that the mammalian nervous system 
remains unrevised after early postnatal life remained unshaken.    It wasn’t until 
nearly 2 decades after Altman’s finding that Kaplan et al. (1977) were able to shake 
the foundation of the powerful dogma.  Kaplan reinforced Altman’s results by 
revealing the neuronal nature of the newly dividing cells by labeling them with 
[3H]-thymidine, a substance commonly used in proliferation assays by its 
incorporation into newly synthesized DNA.  This triggered a massive inquiry into 
adult neurogenesis that has led to the discovery of cell proliferation in adulthood in 
many areas of the mammalian brain. It is now well established that adult 
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neurogenesis occurs in the hippocampus and olfactory bulbs (Eriksson et. al 1998, 
Fukushima et. al 2002).  However, some authors also report adult neurogenesis 
more widely, including in the hypothalamus (Huang et al. 1998), the amygdala 
(Bernier et al. 2002), and many other areas. Recently, the study of neurogenesis was 
extended into puberty by Ahmed et al (2008) examining the potential role of 
neurogenesis in the pubertal rat brain. 
 
Neurogenesis in Puberty 
 In 2008 Ahmed et al. conducted a study inquiring into the possible role of cell 
birth in maintaining sex differences in the pubertal rat brain. They gave injections of 
5-Bromo-3’-deoxyuridine (BrdU), a marker for cell birth, to rats at different stages 
of puberty and looked in three sexually dimorphic brain areas, the anteroventral 
periventricular nucleus (AVPV), the medial amygdala (Me), and the sexually 
dimorphic nucleus of the preoptic area (SDN), to see if there was any sexually 
dimorphic cell birth occurring in these areas.  Their results supported the 
hypothesis that cell birth helped to maintain sex differences in the brain during 
puberty.  They found an increased number of BrdU labeled cells that matched the 
sex difference found in the volume of each area.  For example, in the anteroventral 
periventricular area (AVPV) females typically have more cells than males, and in this 
study they found more BrdU labeled cells in AVPV in females than in males. The 
authors suggest that this sex difference in neurogenesis is to maintain the sex 
difference in cell number in this region. However, if cell birth was the only thing at 
play here, then the volume or cell number in these areas would be constantly 
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increasing, which it does not. As far as we know, mice and rats have adult numbers 
of cells in the BNSTp and SDN by the end of perinatal development (Chung et. al 
2000, Gotsiridze et. al 2007, Gorski et. al 1978, Swaab 1995). This alludes to the 
possibility that cell turnover must be occurring. The Ahmed et al study reported on 
volume but did not report on cell counts and did not look to see if cell death was also 
occurring during puberty.   
  There is also some question about the identity of the cells being born in the 
mPOA. The authors used fluorescent markers for neurons (NeuN) and glial cells 
(GFAP) to look for colocalization between BrdU and cell type markers to see which 
type of cells are being born in these areas.  Although they found over half of the 
BrdU positive cells in the AVPV colocalized with NeuN, none were labeled with 
GFAP, leaving the identity of many of the BRDU labeled cells unknown,  In the SDN 
and Me both GFAP and NeuN had populations of BrdU labeled cells. 
However, not all of the BrdU positive cells colocalized with either of their cell type 
markers, which means that cells other than neurons or astrocyte type glia might be 
involved in this process.  This study remains the only study to look at cell 
proliferation during puberty and almost no study has yet examined the role of cell 
death. 
 
 Here, I will examine cell death in the pubertal and prepubertal mouse brain using 
activated caspase-3 as a marker of apoptosis. First, I will look globally during 
prepubertal and pubertal periods to examine the extent of cell death in the whole 
brain. Next, I will look regionally to see if cell death is localized in cortical or 
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subcortical areas.  Finally, I will determine the effect of knocking out the Bax gene, a 
crucial factor in initiating cell death in neurons, on cell death in the mouse brain 
during puberty.  
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CHAPTER 2 
PROGRAMMED CELL DEATH IN THE PUBERTAL AND PREPUBERTAL MOUSE 
BRAIN 
Introduction 
It is known that there is a surge in cell death during the first week of life that 
prunes many brain regions causing sexual dimorphisms to arise.  However, as 
previously mentioned, not much is known about cell death past the early stages of 
development.   
It is also the case that not much is known about neurogenesis outside of the 
perinatal period.  It has only been recently that the long standing dogma that 
neurogenesis only occurs in adulthood has been shaken and inquiries into the 
occurrence of neurogenesis in adulthood have been made. Recently, Ahmed et al 
(2008), found sexually dimorphic cell birth in the anteroventral periventricular 
nucleus (AVPV), sexually dimorphic nucleus (SDN), and medial amygdala (Me) in 
rats on postnatal days P20 (post natal day 20), P30, and P40.  However, no evidence 
exists that the brain continues to increase in size or cell number throughout 
adulthood, so if neurogenesis is occurring, then cell turnover presumably is also 
occurring.   
   The pubertal period is greatly overlooked in the cell death literature, so we 
do not know whether cell death is occurring, where it is happening, or how much is 
happening.  Most studies that look at cell death look early in development and those 
that look at later ages usually stop around P21 (Sophou et al, 2006) although there 
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are some rare studies that do include pubertal ages (Cheng et al, 2010).  Another 
reason that the global patterns of cell death in puberty remain mysterious is 
because most research done on cell death focuses on the specific area that the 
researcher is interested in, for example, the basal forebrain (Sophou et al, 2006) In 
order to obtain a complete picture on pubertal cell death I performed global cell 
counts in coronal brain sections of pubertal mice and recorded each cells 
approximate location on sketched brain drawings.   
Definitions of when puberty begins in mice vary.  In females, puberty is 
usually measured as starting when the vagina opens and in males by preputial 
sheath separation (Zhou et al, 2007). Vaginal opening in mice  occurs around P30, 
and fertile cycles are achieved at around P60 (Johnson et al, 1990).  In this study, 
therefore, puberty was defined as P30 to P60. Since Ahmed et al. (2008) saw cell 
birth from P20 to P40,, it could be that cells are dying in during what is known as the 
prepubertal period in preparation for the arrival of new cells.  In order to account 
for this, mice were also sacrificed during this period (P16, P20, P24, and P28).   
In this experiment I looked at cell death in the prepubertal and pubertal 
mouse brain using activated caspase-3 as a marker.  I used global cell counts of 
caspase-3 positive cells and marked their location in order to see if cells were dying 
in the prepubertal and pubertal period, how much cell death was occurring, and if it 
followed any spatial patterns.  I also quantified the density of caspase-3 positive 
cells in the cortex, hippocampus, and medial preoptic area to test whether the 
number of dying cells varied regionally across ages. 
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Materials and Methods 
Animals 
All experiments were carried out using C57BL/6J mice from our breeding 
colony.  Animals were housed at 22o C under a 14:10 light/dark cycle.  The 
Institutional Animal Care and Use Committee at the University of Massachusetts 
Amherst approved all procedures.   
Animals were collected every fourth day between P16 and P44 to span the 
pubertal transition (the day of birth = P1).  Mice were also collected at P5 and in 
adulthood (P66), for comparison, as these have previously been shown to be ages of 
very high and very low rates of cell death, respectively. There were a total of 10 
groups: P5, P16, P20, P24, P28, P32, P36, P40, P44, and P66. Each group was 
comprised of 6 animals (3 males; 3 females) except for P20, which had only 2 males 
and 3 females, and P28, which had 4 females and 2 males. Mice were euthanized by 
carbon dioxide inhalation, followed by rapid decapitation.  Their brains were 
removed and immediately fixed in 5% acrolein in .01M phosphate buffer overnight.  
The following day brains were submerged in 30% sucrose until sectioning.  Using a 
freezing microtome, brains were cut coronally into two series at 40μm and stored in 
cryoprotectant at -20C. One series was stained for activated caspase-3 
immunoreactivity, as described below. 
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Immunocytochemistry for activated caspase-3 
Pilot studies were conducted on P5 and adult mouse brains to determine the 
optimal staining conditions.  The primary antibody used was a polyclonal antibody 
directed against cleaved caspase-3 (Cell Signaling, #9661L, made in rabbit).  Three 
concentrations were tested (1:500, 1:1000, and 1:10000), the latter of which ended 
up providing the best staining.    
 Immunocytochemistry for activated caspase-3 was carried out on free 
floating sections, at room temperature, in mesh-bottomed wells.  First, sections 
were washed 3x5 minutes in 1X tris-buffered saline (TBS; 0.05 M Tris, 0.9% NaCl, 
pH7.6).  Next, sections were incubated for 30 minutes in 0.05 M sodium citrate in 
TBS, followed again by 3x5 minute washes in TBS.  Sections were next put into 0.1 M 
glycine in TBS for 30 minutes then washed 3x5 minutes in TBS.  Following this step, 
the sections were put into blocking solution (1X TBS with 20% normal goat serum 
(NGS) and 0.3% Triton-X and 1% hydrogen peroxide) for 1 hour.  Finally, sections 
were placed in primary antibody solution (cleaved caspase-3 antibody in 1X TBS 
with 2% NGS and 0.3% Triton-X) overnight.  Following this incubation, sections 
were rinsed in dilute blocking solution (1X TBS with 1% NGS and 0.02% Triton-X) 
for 3x10 minutes.  Sections were then placed in secondary antibody (1:250 
biotinylated goat anti-rabbit IgG [Vector Laboratories, Burlingame, CA, USA] in TBS 
with 2% NGS and 0.32% Triton-X) for 1 hour followed by 3x10 minute washes in 
TBS.  Next, sections were placed into avidin-biotin complex in TBS (ABC Elite Kit, 
Vector Laboratories) for 1 hour followed by 3x15 minute washes in TBS.  Finally, 
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sections were incubated in diaminobenzidine (DAB Kit, Vector Laboratories, 
Burlingame, CA, USA) for 5 minutes followed by one final 45 minute wash in TBS.  
Sections were then mounted onto slides and coverslipped using permount (Fisher 
Scientific). 
 
Global activated caspase-3 cell counts 
Slides were coded to conceal the age and sex of the animal.  Start and stop 
points were determined to ensure that the same portion of the brain was counted in 
each animal.  Caspase-3 positive cells were counted anteriorly from where the 
corpus collosum first crosses the midline (Bregma 1.1mm, Paxinos and Franklin) 
through when the bottom portion of the third ventricle disappears and the 
mammillary bodies form (Bregma -2.80mm, Paxinos and Franklin).  All counts were 
done manually on a microscope using a 10X objective.  As cells were counted, their 
approximate location was recorded on sketched brain diagrams, divided into 9 
compartments, in order to keep track of cell number and to observe any spatial 
patterns.  One in every three sections was counted and all caspase-3 ir cells were 
counted throughout the entirety of each section.  On average, this allowed for 6-10 
sections to be counted per animal.  Total number of caspase-3 positive cells per 
animal, and average number of cells per section in each animal were recorded 
 
Regional activated caspase-3 cell counts 
After looking at the distribution of caspase-3 positive cells throughout the 
brain, I noticed that cell death seemed to be more concentrated in the subcortical 
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areas in younger animals (P5-P20) and more in the cortex as age increased (P24-
P66).  To test for regional differences, caspase-3 positive cells were counted in the 
anterior hippocampus (HC) (Bregma -2.06mm, Figure 48, Paxinos and Franklin), 
medial preoptic area (mPOA) of the hypothalamus (X=.25, Y=1, Figure30, Paxinos 
and Franklin), and a portion of the neocortex (cingulate cortex and part of the motor 
cortex).   Areas were chosen because of the pattern observed in global analysis and 
because they were easy to consistently define in brain sections that were not 
counterstained.  Counts of the mPOA were done within a 1mm2 box, only in sections 
where the anterior commissure crosses the midline (Bregma .14mm, Figure 30, 
Paxinos and Franklin).  The portion of the hippocampus included in this analysis 
was defined by approximate size and morphology.   
Counts were only performed in half of the animals used in the previous 
experiment, but all ages were represented equally (N=3), except for P20 (N=5).  All 
counts were done at 10X using a microscope hooked up to SteroInvestigator 
software.  Because brains of younger animals are smaller than older animals,  this 
area may have included some cells lateral to the mPOA at the youngest ages. The 
area of the hippocampus was traced and the area was measured and in μm2 units, 
cells were only counted within this area.  Cells within the cortex were counted by 
aligning the midline of the brain with the edge of the screen and counting all 
caspase-3-imunoreactive cells within that area.  Density was calculated as number 
of caspase-3-IR cells per mm2. 
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Results 
Total number of caspase-3 positive cells per animal in global counts 
Caspase-3 positive cells were found in both sexes at all at all ages, although 
the amount of cell death observed declined as animals aged (Fig 2.1).   
 
Figure 2.1 - Photomicrographs illustrating caspase-3 positive cells from P5-P66.  All 
photos were taken at approximately the same level.  Ac = anterior commissure and 
LV = lateral ventricle.  Arrows indicate caspase-3 positive cells.  Box A is a P5 brain 
section, B is P16, C is P24, D is P32, E is P40, and F is P66. Scale bar = 200μm 
  
20 
 
As shown in Figure 2.1, the highest amount of caspase-3 cells was observed 
in P5 animals (Figure 2.1 panel A), and the next highest amount of cell death 
occurred at P16 (Figure 2.1 panel B).  Cell death observably waned with age (Figure 
2.1 panels C, D, and E) until almost no dying cells were observed, as in the P66 
animal (Figure 2.1 panel F). 
 In addition, the morphology of the cells that were caspase-3 positive also 
changed with age.  Most of the cells seen in P5 animals had classic neuronal 
morphology with a darkly stained soma and long projections (2.2 panel A).  In the 
older animals, cells with neuronal morphology were only seen in the pyriform 
cortex (Figure 2.2 panel B).  As animals age, cells took on two common 
morphologies.  Cells were small with a round shape and no projections (Figure 2.2 
panel C) or have a starburst shape (2.2 panel D) hallmarked by a cell body 
surrounded by many, small, very fine projections.   
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Figure 2.2 - Photomicrographs illustrating common observed morphology of 
caspase-3 positive cells in prepubertal and pubertal animals.  Box A shows P5 
neurons, B is a neuron-like from the pyriform cortex, C is a round cell, and D is a star 
burst cell. Scale bar = 100μm 
 
To quantify, caspase-3 positive cells were counted in brain sections ranging 
rostrally from bregma 1.10mm, and caudally to bregma -2.80mm.  Total counts were 
analyzed using a two-way, sex by age ANOVA.  Analysis revealed a significant main 
effect of age (Fig 2.3, F9, 39 = 86.378, p<.0001) with the highest amount of cell death 
occurring at P5 and decreasing as age increases.  Post-hoc analysis showed that 
there was a significant decline in number of dying cells between P5 and P16 (Fig 2.3, 
p<.0005) and another significant drop between P20 and P24 (Fig 2.3, p<.0005).   By 
P24 adult levels of caspase-3 positive cells were reached and there is no further 
decline. 
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No main effect of sex was found (p>.05). However, ANOVA revealed a 
significant sex by age interaction (Fig.2.3, F9, 39= 4.030; p = .001) due to the fact that 
females have more caspase-3 positive cells than males, only on P20, shown in figure 
2.4 below (Fig 2.3, p<.001).     
 
 
 
 
Figure 2.3 – Mean (+/- SEM) total number of caspase-3 positive cells in males and 
females across all ages.  Black bars indicate females and grey bars indicate males.  N 
for each group is located at the bottom of each bar.  Brackets indicate a significant 
difference between ages and * indicates a significant effect of sex. 
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Figure 2.4 - Photomicrographs illustrating quantitative difference in caspase-3 
between female and male animals at P20.  All images were taken at approximately 
the same level.  Ac is anterior commissure and cc is corpus collosum.  Boxes A, C, 
and E show areas in P20 female and B, D, and F show approximately the same area 
but in P20 males. Scale bar = 200μm 
 
 
 
 
Average number of casapse-3 positive cells per section in global counts 
 To account for differences in overall size of the brain as animals age, I also 
analyzed counts per section (as might be expected, older animals on average had 
more sections).  The same pattern was observed when average number of caspase-3 
positive cells per section was examined.  Two-way ANOVA revealed a significant 
effect of age (Fig 2.4, F9, 39 = 138.094, p < .0001).  Post-hoc analysis again determined 
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a significant decline in the average number of dying cells per section between P5 
and P16 (p<.0005), and between P20 and P24 (p<.0001).  
ANOVA also showed a significant effect of sex (Fig 2.4, F1, 39 = 4.299, p=.045) 
with females having a higher average number of dying cells per section than males. 
and a significant sex by age interaction (Fig 2.4, F 9, 39 = 2.452, p=.025).  Post-hoc 
analysis revealed that females have a higher average number of caspase-3 positive 
cells than do males at P20 (Fig 2.4, p<.0001). 
 
 
Figure 2.5 – Mean (+/- SEM) average number of caspase-3 positive cells per section 
in both males and females across all ages.  Black bars indicate females and grey bars 
indicate males.  N for each group is located at the bottom of each bar.  Brackets 
indicate a significant difference in age and * indicates a significant effect of sex. 
 
 
Cell counts in the Hippocampus, mPOA, and cortex 
 I observed in the global counts that younger animals seemed to have less cell 
death in the cortex compared to older animals, so, cell counts were done in the 
cortex,  hippocampus (HC), and the medial preopitc area (mPOA) within predefined 
areas (Figure 2.6) in order to test for regional differences in density.  Three separate 
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one-way ANOVAs were used to look at the total number of cells in each area across 
all ages.  Data was expressed in terms of number of caspase-3 positive cells per 
1mm2. 
 
Figure 2.6 – Photomicrograph showing areas in which caspase-3 positive cells were 
counted in the cortex, HC, and mPOA.  
 
 One-way ANOVA looking at the density of caspase-3 positive cells in the 
cortex across all ages, found a significant effect of age (Fig 2.7, F9, 22 = 3.917, p=.004). 
Post hoc analysis revealed a significant decrease in caspase-3 positive cells between 
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P20 and P24 (p=.003).  As you can see from Figure 2.7, the cell death in the cortex 
remains elevated until P24 when low adult levels of dying cells are reached. 
 
Figure 2.7 – Mean (+/- SEM) number of caspase-3 positive cells per mm2 in the 
cortex across all ages. Brackets indicate a significant difference in age. 
 
 In the hippocampus one-way ANOVA again revealed a significant effect of age 
on density of caspase-3 positive cells (Fig 2.8, F9, 22 = 27.535, p<.0001).  Post hoc 
analysis showed two significant drops offs in cell death, one from P5 to P16, and a 
second from P20 to P24.  
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Figure 2.8 - Mean (+/- SEM) number of caspase-3 positive cells per mm2 in the 
hippocampus across all ages. Brackets indicate a significant difference. 
 
 Cell death in the mPOA showed a third pattern.  One-way ANOVA again 
revealed a significant effect of age (Fig 2.9, F9, 21 = 11.198, p<.0001).  However, post 
hoc analysis showed that there is only a significant decrease in cell death from P5 to 
P16.  At P5 cell death is at it’s highest in the mPOA and drops off to adult levels at 
P16. 
 
Figure 2.9 - Means (+/- SEM) number of caspase-3 positive cells per mm2 in the 
mPOA across all ages. Brackets indicate a significant difference. 
28 
 
 
I also observed that a considerable amount of cell death happens around the 
ventricles across all ages.  These cells probably arise from cells that are born in the 
subventricular zone and migrate to their targets (Lois et al, 1994).  I chose not to 
quantify these cells because distinguishing ventricular cells from hippocampal cells 
is nearly impossible. 
As previously stated, a sex difference was found on P20.  Females had a 
higher total  number of caspase-3 positive cells and a higher average number of 
caspase-3 postive cells per section than males.  I used the regional counts to see if 
this sex difference was specific to either cortical or subcortical areas.  One-way 
ANOVA looking at the total number of caspase-3 positive cells in P20 males and 
females in the hippocampus revealed that females had a significantly higher number 
of cells in this area than males (Fig 2.10, F1, 4 = 5.411, p=.04).  Similar analysis for the 
cortex and mPOA revealed no significant sex differences in either area.  However, 
lack of statistical significance is probably due to high SEMs caused by such a small 
population(Fig 2.10). 
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Figure 2.10 – Means (+/- SEM) for number of caspse-3 positive cells per mm2 in the 
cortex, HC, and mPOA of P20 females and males. * indicates a significant sex 
difference. 
 
 
Discussion 
 The results of this study show that the highest amount of cell death happens 
during early development, P5, and extends through the prepubertal period, P16 and 
P20. Cell death is speculated to occur outside of neonatal development for a  
number of reasons.  One reason cell death could be occurring outside of 
development is that it could be connected to adult neurogenesis which could be 
happening in order to enhance neuroplasticity.  There are a few instances where 
this has been shown to happen.  Previous studies have shown adult neurogenesis in 
the denate gyrus (DG) (Albrous et al, 2005) and the olfactory bulbs (OB) 
(Kempermann et al, 1997).  Birth date tracing techniques done on dying cells in 
these areas have shown that 70% of the dying cells in the DG (Biebl et al, 2000) and 
50%  of the dying cells in the OB (Kempermann et al, 1997) had been born within 30 
days.   Another hallmark example of this happens in the HVC of songbirds 
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(Nottebohm 2004) who seasonally change their song, therefore they seasonally 
must renew the neural circuitry responsible for song production.  
 When area analysis was preformed, I found higher amounts of cell death 
happening in the cortex and at P5, P16, and P20, which dropped off to adult levels at 
P24.  In the HC the highest amount of cell death was seen at P5, and dropped off at 
P16 and P20 but remained slightly elevated compared to other ages.  Cell death then 
significantly dropped off from P20 to P24. In both of these areas, P5 animals 
displayed the most caspase-3 positive cells. However, in the mPOA, only the P5 
animals showed a higher amount of cell death.   
There is a small portion of the POA known as the sexually dimorphic nucleus 
of the preoptic area (SDN-POA), which is home to one of the most famous sex 
differences in the brain.  Males typically have more cells in this area than do females 
(Gorski et al, 1981).  This sex difference arises from cell death that occurs during the 
first 10 days of postnatal life, after which the size of the SDN-POA remains fairly 
consistent (Jacobson et al, 1980). This cell death is heavily influenced by androgens.  
In 1981 Gorski demonstrated that if you castrate a male rat on P1, the volume of the 
SDN-POA seen in adulthood is much smaller than an intact male.  The opposite is 
true when females are treated on P1 with testosterone propionate. It is thought the 
the sex difference in the SDN-POA arises due to more cell death in females than in 
males, since both sexes start off with the same number of cells and males end up 
having more (Davis et al, 1996) this could explain why we see such high amounts of 
cell death happening in the P5 animals but not at any of the other ages.   Since cell 
number in the cortex and the HC may not be  determined during this same cell death 
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surge in early postnatal life, this could also account for why they do not follow the 
same pattern.   
 One unexpected outcome is that females at P20 had a significantly higher 
occurrence of cell death than do males at this age.   It has been shown that there is a 
period of synaptic pruning beginning on P15 and extending through P20 in a 
number of brain areas such as the inferior olive (Mariani et al, 1987).  It is possible 
that synaptic pruning could be in areas associated with sexual dimorphisms at P20, 
thus resulting in the sex difference seen in this study. However, since there were 
such  small sample sizes, N=3 for females and N=2 for males, further research, with 
larger sample sizes is needed in order to look more into this phenomena. 
Thus far however, all we know is that cells are dying during the prepubertal 
period.  It is impossible to pinpoint a reason for this cell death, without first 
knowing what types of cells are dying.  The morphology of the dying cells seen in the 
prepubertal and pubertal period look nonneuronal, except for in the pyriform 
cortex, and more glial, which is hallmarked by the cell body surrounded by the 
small, very fine projections.  In order to determine what type of cells the caspase-3 
positive cells seen in puberty are, further research is warranted.  One possible way 
to determine whether these cells are neurons is to utilize Bax knockout mice, which 
will be discussed in the following chapter.  However, that can only point a strong 
finger to the possibility that these cells are or are not neurons.  A more definitive 
way that the identity of these cells can be revealed is by double labeling these cells 
with fluorescent markers specific for a certain cell type, such as a neuronal marker 
(NeuN), along with caspase-3.  By looking for colocalization of the cell type marker 
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with the cell death marker we would be able to see which types of cells are positive 
for caspase-3 in prepubertal and pubertal animals. 
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CHAPTER 3 
EFFECT OF DELEITON OF THE Bax GENE ON PREPUBERTAL CELL DEATH 
Introduction 
 The global cell counts performed in the previous experiment demonstrate 
that cell death is occurring during the prepubertal and pubertal periods, although at 
low levels.  This raises the question of what types of cells are dying.  One way to 
narrow down the possibilities is through utilizing Bax knockout (KO) mice.  BAX is a 
proapoptotic member of the BCL2 family.  In nonneuronal lineages, knocking out the 
Bax gene does not have a profound effect on cell death (Korsmeyer et al, 1995).  This 
is due to the fact that most cells in the body contain more than one full-length 
proapoptotic member of the BCL2 family (Lindsten et al, 2000), for example, they 
contain BAX, but they might also have BAK.  So, if Bax is knocked out, cell death will 
still occur due the functional redundancy of Bak.  This is not the case with neurons, 
which only have BAX (Putcha et al, 2002), so if the Bax gene is knocked out, there is 
a drastic decrease in cell death.  It has been shown that Bax KO mice do not show 
cell death in the sympathetic and motor facial neurons (Deckworth et al, 1996), or 
the peripheral ganglia or motor pools of the spinal cord (White et al, 1998).  
The previous study revealed an elevated occurrence of cell death at P16 
compared to the smaller quantity of cell death observed in older animals.  In order 
to see if the caspase-3 positive cells at P16, and throughout puberty, are neurons, I 
used Bax knockout mice.  If the cells are neurons, when the Bax gene is deleted I 
would expect to see a greatly diminished amount of cell death. 
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Methods and Materials 
Animals 
  Mice heterozygous for a deletion in the Bax gene were paired in order to 
generate wild type (WT) (Bax +/+), heterozygous (Hets) (Bax +/-), and knockout 
(KO) (Bax -/-) mice.  Genotyping was done to check for Bax gene status on tail tissue 
using previously established primers (White et al, 1998).    As before, animals were 
housed under a 14:10 light/dark cycle at 22C.  The Institutional Animal Care and 
Use Committee at the University of Massachusetts, Amherst, approved all 
procedures.  Animals were collected on days P16 and P30 as previously described.  
Mice collected at P16 consisted of 4 KO (2 males and 2 females), and 3 WT (2 males 
and 1 female). Mice collected at P30 consisted of 4 KO (2 males and 2 females) and 5 
Hets (2 males and 3 females).  Xiang et al (1998), demonstrated that only one copy 
of the Bax gene was needed in order for normal cell death to occur, so the use of 
Hets are sufficient for a control.  Brains were sectioned coronally into 3 series, one 
of which was stained for activated caspase-3 by using an ICC following the 
methodology described in Chapter Two.  Cell counts were also preformed on these 
animals as previously described in Chapter Two.   
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Results 
 
Effect of Bax Gene Deletion on Global Caspase-3 Cell Counts 
 
 To determine whether knocking out the Bax gene would affect cell death in 
prepubertal or pubertal animals, global cell counts were done at P16 and P30 in 
both males and females as previously described. In sharp contrast to what has been 
seen in earlier ages where Bax deletion drastically reduces cell death, a 2-way 
ANOVA for P16 animals showed no significant difference in average number of 
caspase-3 positive cells per section between KO and WT mice (p > .10).  There was 
also no main effect of sex or sex by genotype interaction.  Similarly, in P30 animals a 
2-way ANOVA revealed no significant effect of sex or Bax deletion and no significant 
sex by genotype interaction (all p-values > .10) on average number of cells per 
section.  I noted, however, that counts tended to be slightly lower in Bax KO animals 
at both P16 and P30.  Therefore a 3-way ANOVA was preformed (data not shown), 
to compare sex, age, and genotype, with animals classified as containing at least one 
copy of the Bax gene (WT or Het), or containing 2 Bax deletions (KO).  A significant 
effect of age on the average number of caspase-3 positive cells per section was seen, 
with P16 mice having more cells than p30 mice (Fig 3.1, F1, 8 = 6.164, p=.038) as 
expected based on the results described in Chapter Two.  Also, a significant effect of 
genotype was found with KO animals having fewer cells than control animals (Fig 
3.1, F1, 8 = 5.706, p=.044).  On average, KO mice at P16 showed 25.9% less cell death 
than WT and at P30 KO mice showed 24% less cell death than Hets. 
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Figure 3.1 – Means (+/- SEM) of total number of Caspase-3 positive cells in P16 WT 
(N=3) and KO (N=4) mice, as well as P30 Het (N=5) and KO (N=4) mice.   
   
The reduction of cell death in KO animals seen here was much lower than what is 
typically seen in neonatal KO animals.  Previous work in our lab done by Todd H. 
Ahern and Audrey Carr show nearly a total elimination of cell death in Bax KO mice 
at P6 (Figure 3.2). 
 
Figure 3.2 – Photomicrographs showing difference in number of caspase-3 positive 
cells in Bax knockout mice v. wildtype at ages P6 and P16.  Panel A shows a P6 KO 
mouse compared to a P6 WT in panel B.  Panel C shows a P16 KO compared to a WT 
in panel D. Scale bar = 200μm 
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Discussion 
 My findings demonstrate that deletion of the Bax gene does not markedly 
decrease the amount of cell death in pre-pubertal mice.  At P16 KO mice had similar 
levels of cell death as WT mice. Similarly, at P30 KO mice also did not show 
decreased cell death when compared to Hets.  These findings are in contrast to what 
is normally seen in Bax KO mice. It has been shown that deletion of the Bax gene 
eliminates dying neurons in many areas including the sympathetic and motor facial 
neurons which was shown through tyrosine hydroxylase staining (Deckworth et al, 
1996), or the peripheral ganglia or motor pools of the spinal cord demonstrated 
through TUNEL staining (White et al, 1998). 
 However, these findings are only contradictory if the dying cells we see in 
the P16 and P30 mouse brains are neurons, which we are not certain they are. There 
are other types of cells in the brain that could be dying (e.g. astrocytes, microglia, 
oligodendrocytes), and Bax deletion has only been shown to affect neuronal death 
so drastically.  Since there is 25% less cell death in the P16 and P30 animals, it could 
be that 25% of the dying cells are neurons, but the remainder may not be.  Further 
research is required in order to determine what types of cells are dying within the 
brain.  However, the fact that deletion of the Bax gene did not significantly decrease 
the amount of cell death seen in either P16 or P30 animals, points a finger to the 
possibility that the dying cells seen during the prepubertal and pubertal periods are 
not neurons.   
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CHAPTER 4 
 GENERAL DISCUSSION 
 The results of these studies show that cell death does occur during puberty 
but at adult levels.  However, during the prepubertal period there is an increased 
amount of cell death occurring compared to what is seen at later ages.  In order to 
investigate spatial patterns of cell death, caspase-3 positive cells were quantified in 
3 different brain areas; the hippocampus, the medial preoptic area, and the cortex, 
across all ages.  Cell death in the hippocampus and the cortex are at their highest 
peak in early development (P5) but remain elevated throughout the juvenile period 
(P16 and P20) until P24 when adult levels are reached.  In the medial preoptic area, 
cell death is only elevated at P5 and maintained at low, adult levels at all other ages. 
Ahmed et al (2008), reported that pubertal hormones modulate the addition of new 
cells during puberty to the AVPV, SDN, and Me.  If the cell death I saw during the 
prepubertal and pubertal periods is in response to or in preparation of the cell birth 
they reported, then it is possible that gonadal hormones modulate pubertal cell 
death as well.   
The prepubertal and pubertal periods are recognized as periods of gonadal 
hormone modulated organization within the brain.  During puberty the 
hypothalamic-pituitary-gonadal (HPG) axis matures starting with the activation of 
neurons that secrete gonadotropin releasing hormone (GnRH).  At the onset of 
puberty, there is a gradual increase in the frequency and strength of GnRH 
secretions (Harris et al. 2003, Sisk et al. 2001).  Gonadal hormones have been shown 
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to be involved in the pruning of synapses during puberty (Andersen et al, 2000) as 
well as in cell death during adolescent development (Nunez et al, 2001). A possible 
way to look into the potential role that hormones might play in modulating 
prepubertal/pubertal cell death would be to gonadectomize mice before each time 
point to eliminate gonadal hormones.  If gonadal hormones play a role in 
modulating the cell death during these periods then I there are two possible 
outcomes I would expect.  If gonadal hormones are responsible for encouraging the 
cell death then I would expect to see an overall decrease in cell death in 
gonadectomized animals during prepubertal/pubertal periods.  However, if the 
activation of gonadal hormones is what keeps cell death low during puberty, then I 
would expect to see more cell death.  Gonadectomy could also provide some insight 
as to whether gonadal hormones play a role in the sexually dimorphic cell death 
seen in the P20 animals in this study.  Although, first further investigation into this 
sex difference with larger sample sizes is warranted.  
Due to previously reported data on the effect of deletion of the Bax gene on 
neuronal populations (Deckworth et al, 1996, White et al, 1998,), Bax knockout mice 
were compared to wild type and heterozygous mice in order to determine the effect 
of Bax deletion on the cell death seen in juvenile, prepubertal and pubertal ages.  
Deletion of the Bax gene only moderately decreased cell death, ~25%, in P16 and 
P30 animals.  Since neuronal death is dependent on Bax, these findings suggest that  
many of the cells dying during the prepubertal and pubertal periods might not be 
neurons.  However, as previously mentioned, caspase-3 can be activated by two 
pathways, intrinsic or extrinsic.  The intrinsic pathway is the only pathway which 
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utilizes Bax.  So, it could be that Bax deletion does not have as profound an effect on 
P16 and P30 animals because their cells are dying via the extrinsic pathway which 
directly activates the caspase cascade via ligand binding to extracellular receptors. 
 The observed morphology of the cells that are dying during puberty also 
does not seem to fit with the classical neuronal morphology.  Most of the caspase-3 
positive cells observed during the prepubertal and pubertal periods are either 
rounded cells, or a cell body surrounded by many fine, short projections.  In the 
Ahmed et al (2008), study they used neuronal (NeuN) and glial (GFAP) markers 
along with the cell birth marker BrdU in order to see what type of cells were being 
generated.  They reported that over half of the BrdU positive cells to be neurons but 
none to be astrocytes in the AVPV.  The SDN and Me had some populations of BrdU 
labeled cells that colocalized with NeuN and others that colocalized with GFAP.  
However, they did not further investigation to find out what type of cells the BrdU 
positive cells were that did not colocalize with either NeuN or GFAP. The next step 
in understanding cell death during puberty would be to identify what cell types are 
dying.  As previously mentioned in Chapter Two, the best way to answer this 
question would be through using a fluorescent double label for activated caspase-3 
and cell type.  There are many different cell type markers that could be used (NeuN 
for neurons, GFAP for astrocytes, Iba1 for microglia, 2Q92 for oligodendrocytes).  
Colocalization of the caspase-3 marker with the cell type marker would indicate 
which type of cell is dying during puberty. 
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